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his paper describes experimental 
cnalytical results of electromag-
pulses caused by electrostatic 
arge (ESD). Energy spectra of ESD 
s measured by plural antennas are 
zed for three frequency domains ( 
z, 30-200MHz, 200-750MHz ). 
alytical results show that ESD 
y d oes not always i ncrease in 
rtion to discharge voltages and 
ESD pulses produced by low voltage 
strong electromagnetic in-
ectrostatic discharge (ESD) can be 
ous threat to electrical equipment 
ESD is usually accompanied by 
henomena: the injection of dis­
currents and the radiation of 
omagnetic pulses. The discharge 
by radia t ed electromagnetic 
is known as indirect ESD and can 
transient electrical interference 
The electromagnetic interference 
resulting from indirect ESD is 
al l y  c o n s i d e r e d  t o  b e  u n ­
ducible phenomena b e c a u s e  i t  
s on many environmental conditions 
s humidity and temperature. In ad­
' it is reported that its EM! ef­
are not always proportional to 
scharge voltage[2], although this 
t been clearly proved. 
e best way to understand overall 
es of indirect ESD is time domain 
ment. However, measuring radiated 
associated with discharge events 
ficult, because of the very fast 
'deband waves involved. Thus, time 
m easurement for E S D  pul s e s  
s a broadband measurement system. 
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A fundamental problem, however, is 
that the phase information of sensors 
normally used in the EMC measurement 
cannot be obtained due to present tech­
nical limitations. This means the exact 
wave cannot be reproduced from the time 
domain measurement data. As a result, 
the quantitative analysis of electromag­
netic pulses such as ESD pulses has not 
been achieved. 
This paper describes experimental 
and analytical results for electromag­
netic pulses caused by indirect ESD, 
namely ESD pulses. It aims to clarify 
the relationship between EM! effects by 
ESD and the d ischarge voltag e. ESD 
pulses were measured with three EMI an­
tennas (a loop antenna, a biconical an­
tenna , and a d ouble rid ged  g ui d e  
antenna )  in the time domain and the 
electromagnetic energy of ESD pulses was 
analyzed by integrating the energy 
spectra for three frequency domains (1-
30 MHz, 30 ::-200 MHz, and 200-750 MHz). 
2. ESD pulse measurement
2.1 Measurement system 
The ESD pulse measurement system is 
shown in Fig.!. An ESD test generator 
was used as the source of ESD pulses 
and the experiment was conducted in an 
anechoic chamb er. The g e n e ra t o r's 
capacitance was charged with positive 
polarity, and then the gap length was 
gradually shortened until discharge oc­
curred. 
The discharge gaps were set verti­
cally to the ground plane at a height of 
1 m, and EM! antenna was set 3 m away. 
Table 1 shows the frequency performances 
of the antennas and the digitizer used 
in this ESD pulse measurement. Measure-
Ground Plane 
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Fig. 2 ESD pulses obtained by a double ridged 
guide antenna. 
ments were carried out at an ambient 
temperature of 20±2 t and  relative 
humidity of so± 5 %. 
2.1 Measurement results 
Figure 2 shows examp les of ESD 
pulses detected by a double ridged guide 
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(b) a biconical antenna
Fig. 3 ESD pulses obtained by a 
and a biconical antenna 
voltage = i kV ). 
antenna at discharge voltages o 
20 kV. The results show that ante 
duced voltages become sharper 
numerous strong fluctuations ap · 
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Fig. 4 Spectral amplitude of ESD pulses. 
xamples of ESD pulses obtained by a 
antenna and biconical antenna for a 
discharge voltage are shown in 
. These waveforms, measured by an­
s designed for frequencies below 
z, show no strong fluctuation. 
he ESD pulse measurements show that 
mplitude of an ESD pulse does not 
increase with the discharge volt­
specially in the high frequency 
n; and that rise time of an ESD 
proportion to the 
frequency domain 
'alysis of spectral amplitude 
igure 4 shows examples of  the 
al amplitudes of ESD pulses by 2 
0 kV discharge voltages. The Han­
function was used as a window 
io� for Fourier transforming the 
lses. The time zone widths applied 
analyzing ESD pulses in the time 
n were 1000, 100, and 100 ns for 
-30, i0-200, and 200-750 MH z
ency zones, respectively. The value 
he a 2 kV voltage was normalized at 
as O dB and antenna factors were 
ded in the calculations. Here, the 
na factor is a conversion coeffi-
to change the antenna induced 
ge into electric field strength. 
is, electric field E(f) can be 










where A(f) is the antenna factor, v(t) 
is the antenna induced voltage, W(t) is
the Hanning window, and T is the time 
zone for analysis. 
Figure 4 shows that the spectrum in­
tensity is stronger for a discharge 
voltage of 2 kV than for 20 kV in the 
frequency domain above 30 MHz. This 
suggests that the power radiated from 
indiredt ESD will not always increase 
with the discharge voltage, especially 
in the high frequency regions. 
3.2 Analysis of electromagnetic energy 
3.2.1 evaluation method 
The electromagnetic energy of ESD 
pulses was analyzed to evaluate the 
properties of indirect ESD. The recogni­
tion of the ESD pulse from its energy is 
one of a very important aspect of 
evaluating its EMI effect. 
As mentioned before, one fundamental 
problem is that the phase information of 
such a s  a l o op a ntenna c a n n o t  be 
measured. Analysis of the electromag­
netic energy of ESD pulses, however, can 
be effective, because the calculation 
only requires the amplitude information. 
Here, the antenna factor of an an­
tenna can be expressed by 
A(f)=a(f)exp[g(f)J ( 4) 
where a(f) is the amplitude component 
and exp[g(f)] is the phase information. 
At the present technical level, the 
phase information cannot be obtained. 
Therefore, an energy-based evaluation 
could be effective, because it does not 
require phase information. 
p ( f) =IE ( f) 12 
=IV(f)a(f)j2 (5) 
where P(f) is the energy spectrum of the 
ESD pulse. 
In addition, it has been pointed out 
that EMI antennas such as shown in Table 
1 ,  c a n no t  r e p r o d u c e  a m o n o-pu l s e  
precisely in the time domain [3]. There­
fore, an energy analysis that includes 
the fluctuation of pulses caused by an­
tennas can be effective. 
Next, we analyze the electromag-
netic energy of ESD pulses by in­
tegrating the energy spectra of three 
frequency domains (1-30 MHz, 30-200 
MHz, and 200-750 MHz). From this, the 
e n e r g y  o f  E S D  p u l s e s ,  c a l l e d
Ei(i=l,2,3), can be defined by: 
fei 
Ei=� P(f) df (i=l,2,3) 
fes 
( 6) 
where (i, fei, fes) = (1, 1 MHz, 30 
MHz), (2, 30 MHz, 200 MHz), (3, 200 MHz, 
750 MHz). The ESD pulses of i=l,2,3 cor­
respond to a loop antenna, a biconical 
antenna, and a double ridged guide an­
tenna, respectively. 
The ESD pulses were evaluated in 
terms o f  electromagnetic e nergy by 
measuring ESD pulses five times at dis­
charge voltages of 0.5, 1, 2, 3, 5, 10, 
or 20 kV with the measurement setup 
shown in Fig. 1, using three EMI anten­
nas. The Hanning window was applied and 
the time intervals for calculating V(f) 
were 1000 ns for i=l and 100 ns for 
i=2,3. 
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Fig. 5 Electromagnetic energy of ESD pu
lses
ur e 5 (a),(b), and (c) show the 
omagnetic energy of ESD pulses in 
�quency domains of 1-30 MHz, 30-
z, and 200-750 MHz, respectively. 
figures, the energy for each 
rge voltage was· normalized to the 
for 0 .5 kV. I n  Fig.5(a), the 
romagnetic energy increases with 
arge voltage. As the frequency 
n shifts to higher ones (from 
(a) to fig.3(c)), however, the dis­
g e v o l t a g e w h i ch maximizes
romagnetic energy tends to fall.
ese results show that radiated ESD 
does not always increase in 
tion to discharge voltage and 
low discharge voltages increase 
ct ESD energy especially in the 
frequency region. This suggests 
ESD pulses from low dis charge 
ges may have stronger energy than 
from high voltages. 
study on indirect ESD has been 
nted. ESD pulses were measured by 
1 antennas which have different 
ency performance . M easurement 
ts show that the amplitude of an 
ulse does not always increase in 
rtion to the discharge voltag e 
cially in th e high frequency 
·ns, and the  rise  time b e comes
t h e  d is charg e voltage 
addition, we  analyzed the radiated 
y of an indirect ESD. The analysis 
that the energy of ESD pulses by 
ischarge voltage has relatively 
frequency components. Considering 
act that high frequency components 
ectromagnetic waves rather than low 
ency ones tend to affect electri-
quipment, this suggests that in­
ct ESD produced by low discharge 
ages may cause strong electromag­
interference. 
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